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Rett Syndrome is a neurodevelopmental disorder that arises from mutations in the X-linked gene methyl-CpG binding protein 2 (MeCP2). MeCP2 has a large number of targets and a wide range of functions, suggesting the hypothesis that functional signaling mechanisms upstream of synaptic and circuit maturation may contribute to our understanding of the disorder and provide insight into potential treatment. Here, we show that insulin-like growth factor-1 (IGF1) levels are reduced in young male Mecp2-null (Mecp2 −/y ) mice, and systemic treatment with recombinant human IGF1 (rhIGF1) improves lifespan, locomotor activity, heart rate, respiration patterns, and social and anxiety behavior. Furthermore, Mecp2-null mice treated with rhIGF1 show increased synaptic and activated signaling pathway proteins, enhanced cortical excitatory synaptic transmission, and restored dendritic spine densities. IGF1 levels are also reduced in older, fully symptomatic heterozygous (Mecp2 −/+ ) female mice, and short-term treatment with rhIGF1 in these animals improves respiratory patterns, reduces anxiety levels, and increases exploratory behavior. In addition, rhIGF1 treatment normalizes abnormally prolonged plasticity in visual cortex circuits of adult Mecp2 −/+ female mice. Our results provide characterization of the phenotypic development of Rett Syndrome in a mouse model at the molecular, circuit, and organismal levels and demonstrate a mechanism-based therapeutic role for rhIGF1 in treating Rett Syndrome. molecular therapeutic | respiration | synaptic function | male mice | female mice R ett Syndrome (RTT) is a devastating, rare neurodevelopmental disorder that primarily afflicts girls. Over 90% of individuals with RTT have sporadic mutations in the X-linked gene coding for methyl-CpG binding protein 2 (MeCP2). Affected girls are initially asymptomatic, but later develop a wide range of symptoms. Mouse models of RTT with deletion of Mecp2 recapitulate many of the key physiological, autonomic, motor, and cognitive aspects of the disorder (1, 2) .
MeCP2 binds widely across the genome and has complex roles that encompass activating or inhibiting gene transcription, repressing methylation, regulating chromatin remodeling, and altering noncoding RNAs (3) . This wide range of functions has led to the proposal that a focus on functional signaling pathways is needed to drive an understanding of RTT and its possible therapeutics (1, 2, 4) . Several lines of evidence indicate an arrested brain maturation phenotype in RTT, suggesting that loss of functional MeCP2 leads to immature synapses and circuits in the brain (5) . Importantly, mouse models have suggested reversibility of specific symptoms once MeCP2 function is restored (6, 7) . One well-documented target of MeCP2 is brain-derived neurotrophic factor (BDNF), which is known to be critical for neuronal and synaptic maturation and is down-regulated in Mecp2 mutant mice and RTT patients (8, 9) . BDNF exerts influence on neurons and synapses mainly via the phosphoinositide 3-kinase (PI3K)/Akt pathway and the extracellular signal-regulated kinase (ERK) pathways (10) , which are also down-regulated in several brain regions of Mecp2 mutant mice (11, 12) . Overexpression of BDNF has been shown to reverse some symptoms of the mutant phenotype, pointing to the importance of BDNF and its downstream signaling pathways as therapeutic targets for RTT (8) . Unfortunately, little BDNF is able to traverse the blood brain barrier (BBB), making it unsuitable as a therapeutic agent (13) .
Another major activator of these signaling pathways is insulinlike growth factor-1 (IGF1), which is primarily expressed in the liver and acts in an endocrine fashion throughout the body, crossing the BBB in a neuronal activity-dependent manner (14) ; IGF1 is also produced in the brain, especially during early stages of development (15, 16) . A previous study showed that administering the tripeptide fragment Glutamate-Proline-Glycine (GPE) or (1-3)IGF1, the first 3 (of 70) amino acids of IGF1, to Mecp2 KO mice was effective in correcting several symptoms and restoring key synaptic molecules (5) . We have now examined, for the first time to our knowledge, the effectiveness of full-length IGF1 in both Mecp2-null male (Mecp2 −/y ) and older symptomatic heterozygous female (Mecp2 −/+ ) mice (17) . We show that administering full-length, recombinant human IGF1 (rhIGF1, Mecasermin DB01277) to the mutant mice increases IGF1 concentration in serum to near-normal levels and ameliorates a wide range of phenotypes, including organismal and behavioral function, synaptic and circuit plasticity, neuronal structure, and molecular signaling pathways. Together with recent and ongoing clinical trials demonstrating the safety and efficacy of rhIGF1 in treating RTT (18, 19) , and multiple studies documenting the effectiveness of IGF1 in restoring structural, functional, and molecular phenotypes in human induced pluripotent stem cell (iPSC)-derived RTT neurons and glia (20) (21) (22) , our results provide strong mechanistic Significance Rett Syndrome is a devastating neurodevelopmental disorder that arises from mutations in the methyl-CpG binding protein 2 (MeCP2) gene and has no presently available treatment. We show that levels of insulin-like growth factor-1 (IGF1) are reduced in male and female Mecp2 mutant mice. Treating male knockout mice with recombinant human IGF1 (rhIGF1) improves a range of physiological symptoms and behaviors, increases excitatory transmission and synapse density in cortical neurons, and up-regulates molecular signals underlying these deficits. Treating symptomatic female heterozygous mice also improves a range of physiological and behavioral symptoms and normalizes maturation of cortical circuits. These findings demonstrate that rhIGF1 corrects functional, structural, and molecular mechanisms downstream of MeCP2 and may be an effective therapeutic for Rett Syndrome.
and preclinical support for the therapeutic role of rhIGF1 in RTT.
Results
The Physiological Condition and Social Behavior of Mecp2-Null Animals Are Affected by Decreased Levels of Endogenous IGF1 and Are Improved with rhIGF1 Treatment. We first examined whether endogenous IGF1 levels were decreased in Mecp2 −/y mice (on a C57BL/6J background) and found that there was indeed significantly less serum IGF1 in postnatal day 28 (P28) Mecp2 −/y mice compared with age-matched controls (Fig. 1A) . The difference was less pronounced but still significant at P56, consistent with the fact that levels of endogenous IGF1 reach peak concentration during puberty. To test the effects of an increase in systemic IGF1 by administration of rhIGF1, a battery of tests aimed to evaluate the health status, locomotion, and vital signs were carried out on a regular schedule (Fig. S1A) . Mecp2 −/y mice that were injected intraperitoneally (i.p.) starting at P14 with a daily dose (0.25 mg/kg) of rhIGF1 had an increased lifespan compared with vehicle-treated Mecp2 −/y mice ( Fig. 1B and Fig. S1B ). This improvement in life expectancy was accompanied by an increase in weight when measured at P56-a time point when mutant animals are fully symptomatic (Fig. 1C) . RTT patients show periods of both apnea and bradycardia, which increases the likelihood of sudden death in some patients. Pulse oximeter monitoring allows for the simultaneous investigations of heart and breath rates from nonanesthetized animals, and Mecp2 −/y mice had lower breathing and heart rates as early as P28. Treatment with rhIGF1 improved both metrics after 6 wk of daily treatment ( Fig. 1 D and E) .
The shortened lifespan of the Mecp2 −/y mice is preceded by a sharp decline in locomotor activity in the form of lethargy and hypokinesia (23) . Mecp2 −/y mice showed an age-dependent decline in their nocturnal movements compared with their WT littermates; by P56, the untreated mutant mice suffered a pronounced decrease in locomotion, whereas age-matched treated animals showed significantly greater locomotor activity (Fig. 1F) .
To evaluate social behavior, we selected tests such as the threechamber test and elevated plus maze that require relatively low motor activity (Fig. S1C ). In the three-chamber test (a social preference task), both the WT and Mecp2 −/y mice spent more time in the chamber containing a stranger mouse, indicating similar tendencies for social contact. However, when the same stranger animal was presented 30 min after the first exposure, untreated Mecp2 −/y mice did not show the usual habituation and decrease in interest that both age-matched WT groups and treated mutant mice displayed (Fig. 1G ). This behavior was similarly evident at P56 (Fig. S1D ). No positional bias was observed (Fig. S1E ).
In the elevated plus maze, a test used to measure the level of anxiety, we found that untreated Mecp2 −/y mice spent more time in the open arms compared with their WT and treated littermates (Fig. 1H) . Conversely, the untreated Mecp2 −/y mice did not show a preference for the closed arms ( Fig. S1F ) as was seen in WT and mutant treated animals. This behavior was not due to abnormal exploratory activity, as the number of crosses to the open arms was similar across groups (Fig. S1G ).
rhIGF1 Treatment Curtails Abnormally Prolonged Visual Cortical
Plasticity. RTT symptoms may arise from prolonged immaturity of synapses and circuits in the brain (1) . By using optical imaging of intrinsic signals from layers 2/3 of primary visual cortex (V1) in vivo, we measured the responses driven by eye-specific stimulation in normally developing animals or after monocular deprivation (MD) of one eye for 4 consecutive days. The ratio between the cortical responses driven by the deprived (contralateral) eye and the nondeprived (ipsilateral) eye, known as the Ocular Dominance Index (ODI), provides a robust measure of the ability of visual cortex circuits to reorganize in response to changes in eye-specific drive ( Fig. 2A) . Such plasticity is prominent during a critical period of development, when synapses and circuits are still maturing-peaking around P28 in WT mice and declining afterward, due to further cortical maturation (24) . We examined cortical plasticity at P28 and P60 (Fig. 2B) mice still showed a shift in ODI, largely due to an abnormal increase in responses from the nondeprived eye (Fig. 2E ). This effect was abolished following treatment with rhIGF1, consistent with rhIGF1 curtailing this late-persisting ocular dominance plasticity (Fig. 2F ). mice. Treatment of Mecp2 −/y mice with rhIGF1 induced a significant increase in mEPSC amplitudes and shifted the distribution to a level comparable to that in WT mice ( Fig. 3 A and B and Fig. S2A ). Application of 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione significantly blocked the occurrence of mEPSCs, indicating that the recorded events were AMPA receptor-mediated (Fig. S2B) . The frequency of mEPSCs examined by the interevent interval distributions was unchanged between Mecp2 −/y and WT control mice (Fig. S2C) , indicating that the changes in amplitude were likely to be postsynaptic in nature.
We hypothesized that the observed modifications of circuitlevel plasticity and changes in synaptic strength could be explained by alterations of synaptic connectivity as well as the molecular underpinnings of these processes. We measured the spine density of layer 2/3 visual cortex basal dendrites in Mecp2 −/y mice as a structural correlate of connectivity and functional plasticity. Spine densities showed a significant decrease in the mutant mice and recovery with rhIGF1 treatment (Fig. 3C) . Cortical synaptic PSD95, a postsynaptic protein necessary for glutamate receptor organization and functional responses to plasticity (25, 26) (27) (Fig. 3D) . Quantification of synaptic PSD95 levels measured at P28 from Mecp2 −/y mice, after 2 wk of rhIGF1 treatment, showed a significant increase in treated mice compared with vehicle-treated KO littermates (Fig. 3E, Left) . Consistent with these findings, the ratio of phosphorylated to total Akt and ERK1/2 in cortical whole-cell homogenates showed an increase in rhIGF1-treated Mecp2 −/y mice compared with the vehicle-treated KO animals (Fig. 3E, Center and Right) . Thus, rhIGF1 leads to an increase in neuronal signaling pathways that underlie structural and functional maturation of synapses.
rhIGF1 Treatment Increases the Availability of Total IGF1. Because serum IGF1 levels are reduced in Mecp2 −/y mice (Fig. 1A) , we examined whether and how exogenous application of rhIGF1 affected the concentration of IGF1. Previous studies have established a correlation between serum levels of IGF1 and those found in the brain (28); therefore, the levels of total IGF1 in serum provide an initial measurement of the potential availability in the brain. Serum levels of rhIGF1 and endogenous murine IGF1 were measured at P28 and P56 using type-specific sandwich ELISA for each species. Samples were taken 2 and 24 h postinjection, which would allow for the uptake of rhIGF1 into the bloodstream as well as provide an indication of drug clearance time (Fig. S3A) . In P28 Mecp2
−/y mice, following 2 wk of treatment, we observed a significant increase in serum levels of rhIGF1 
+MD, n = 4 each). (D) Average ODI values in P28 females (Mann-Whitney test). (E) Response amplitudes observed in P60 females (Mann-Whitney test; n = 5 for each group). (F) ODI representation for P60 females for each condition (ANOVA with Newman-Keuls post hoc analysis for multiple comparisons). Error bars represent SEM.
† P < 0.10; *P < 0.05; **P < 0.01. 2 h postinjection (Fig. 4A) . However, this increase was lower in treated Mecp2 −/y animals compared with the WT treated animals. A second set of measurements taken at P56, after 6 wk of daily treatment, showed a similar pattern of rhIGF1 increase, yet with lower levels in the Mecp2 −/y mice; furthermore, the P56 levels were lower than at P28 in the mutant mice. Taken together, these results point to a combined effect of MeCP2 function and treatment length as variables influencing availability of the administered rhIGF1. To further explore these results, we tested P56 animals that received only a 1-wk treatment and found that rhIGF1 availability in both WT and mutant mice was now comparable to their respective levels at P28 (Fig. 4A) , implying that the availability of rhIGF1 decreased after prolonged daily injections. Thus, a strategy of intermittent treatment may be effective in elevating serum IGF1. Total levels of IGF1, calculated as a sum of injected rhIGF1 plus endogenous IGF1, were increased in the treated animals across the entire treatment period (Fig. 4B) . Of note, treated groups, compared with the corresponding genetically matched untreated groups, did not show a significant decrease in endogenous IGF1 even after 6 wk of treatment (Fig. 4B, filled  boxes) . Thus, rhIGF1 treatment contributes significantly to increasing total serum IGF1 and does not reduce endogenous IGF1 production.
We also examined whether a higher concentration of rhIGF1 might be more effective in increasing serum IGF1. Administering a 10-fold higher dose of rhIGF1 (2.5 mg/kg, 10×) from P14 to P28 led to higher rhIGF1 serum levels compared with the regular dose (0.25 mg/kg, 1×) littermates treated for a similar duration. Nevertheless, this high-dosage treatment did not lead to an increase in total serum IGF1 in the Mecp2 −/y mice due to a concomitant decrease in endogenously synthesized IGF1 (Fig. S3B) . Consistent with this finding, autonomic function was similar in the high-dose compared with the low-dose animals (Fig. S3C) .
Short-Term Treatment with rhIGF1 Improves Breathing Patterns and Behavioral Deficits in Symptomatic Mecp2
−/+ Females. RTT primarily affects females and the severity of the disease can vary greatly due to the specific mutation and the mosaic expression of MeCP2 caused by X-chromosome inactivation (29) (30) (31) . To further examine the therapeutic potential of rhIGF1, we sought to test its efficacy in female heterozygous (Mecp2 −/+ ) mice that present a more heterogeneous disease severity as well as a later time of onset (23, 32, 33) . We therefore chose to use older, symptomatic females of various ages (>6 mo) and a 10× treatment dose to maximize the potential effects during a 3-wk daily treatment regimen. Despite the inherent variability, we were able to test physiological and behavioral parameters pre-and posttreatment on the same animals, allowing for more robust statistical analysis. We first investigated the detailed breathing patterns exhibited by the Mecp2 −/+ mice by using a whole-body plethysmograph. Previous studies in human patients and mouse models have shown abnormal postinspiratory times (34) (35) (36) . We found irregular patterns with reduced inspiratory and prolonged expiratory times, along with reduced peak expiratory amplitudes, that were strikingly rescued with rhIGF1 treatment (Fig. 5 A and B and Fig. S4 C-E) . Apneas and breath holds are a hallmark phenotype of RTT, and we observed a high number of breath holds that was subsequently reduced posttreatment (Fig. 5C) .
Mecp2 −/+ mice have been shown to exhibit cognitive-associated deficits in tests for spatial recognition and anxiety (23) . We found that Mecp2 −/+ female mice had improved performance on recognition of spatial rearrangement following 3 wk of treatment (Fig.  5D) . Additionally, as with the anxiety-related measurements in younger KO males, these females spent more time in the open arms of the elevated plus maze before treatment and had a significant posttreatment reduction (Fig. 5E) . In contrast to these improvements in cognitive functions and unlike the effects seen in young males, the short period of rhIGF1 treatment did not improve social recognition performance in the three-chamber test (Fig. S4F) or hypoactivity (Fig. S4G) . Finally, older symptomatic females also showed a relative reduction in serum IGF1 levels compared with WT controls, and levels of total available serum IGF1 posttreatment were elevated to be similar to WT controls (Fig. 5F ).
Discussion
We have shown that IGF1 levels are reduced in an established mouse model of RTT (Mecp2 tm1.1Bird on a C57BL/6J background) and that treatment with full-length rhIGF1 increases serum IGF1 concentration and ameliorates a wide range of phenotypes. RTT patients show similar lower levels of IGF1 in cerebral spinal fluid (19) . A treatment regimen with the same dose of rhIGF1 increases IGF1 levels, with a safety profile that yields few negative side effects following administration for 4 wk or longer, and an efficacy profile that ameliorates specific symptoms including cardiorespiratory function and anxiety (18, 19) . IGF1 levels are regulated by MeCP2 via the let-7 family of micro RNAs (28) . Thus, any treatment increasing the level of IGF1 would not only augment the activation of signaling pathways shared with BDNF, a well-known target of MeCP2 that is significantly decreased when Mecp2 is mutated, but also reverse the deficit of IGF1. Our findings stand in contrast to a recent study that examined the effects of full-length IGF1 modified with the addition of polyethylene glycol (PEG-IGF1) treatment in Mecp2 KO mice (Mecp2 tm1.1Bird ) on a mixed background (B6129S6F1) and showed variable effects, in particular on body weight, metabolism, and lifespan (37) . However, it is well established that the same genetic manipulation can exhibit profoundly different phenotypes when present on different genetic backgrounds (38) , and the 129 strains exhibit anomalous glucose and insulin metabolism (39, 40) . Indeed, Mecp2 KO mice (Mecp2
) when mixed with 129 strains show an increase in body weight, whereas the same KO animals maintained on a C57BL/6 background have lower body weight (41) (42) (43) . This phenotype would be further exacerbated by the slow pharmacokinetics of PEG-IGF1: Serum IGF1 concentration in treated animals was not consistently measured in this study, but would be expected to be abnormally high, particularly at high PEG-IGF1 doses that may lead to buildup effects (44) , thus contributing to the negative effects. In the present study, females receiving a higher, short-term dose did not show any significant alterations in weight ( Fig. S4 A and B) . Systemic treatment with rhIGF1 improves organismal function, specific behaviors, cellular pathway activation, and synaptic plasticity. The treatment efficacy and temporal dynamics vary across the different metrics assessed. For example, we observed early effects of the treatment on Mecp2 −/y behavior, but saw efficacy only at later stages in locomotor activity. This variability could partly be due to the contribution of different brain regions to a given endophenotype and region-specific responses to rhIGF1, given the availability of peripheral IGF1 and the heterogeneous expression pattern of IGF1 receptors in the adult mouse brain (16) . The cortex, choroid plexus, and endothelial cells are regions with the highest expression of receptors-the last two are major entry points of systemic IGF1 into the CNS, consistent with the importance of peripheral IGF1 in the maintenance of CNS levels. Nevertheless, the importance of locally synthesized IGF1 in the brain cannot be ruled out, as recent findings show a possible role for environmental enrichment paradigms and active microglia in the production of brain IGF1 (45, 46) .
The anxiety measurement we used supports previous findings in mouse models with similar backgrounds and suggests that both sexes of the RTT model have an altered anxiety behavior relative to their WT littermates (1) . Some proposed explanations include abnormal perception of safeness or incapability to interpret danger cues in the mutant mice (23) . It is worth noting that the results we obtained for anxiety and social measurements from untreated Mecp2 mutant mice are very similar to those obtained in a PSD95 mutant mouse model, emphasizing the convergence of signaling pathways and synaptic molecules necessary for these behavioral functions (47) . Indeed, IGF1 treatment improves excitatory synaptic transmission and motor behaviors in Shank3 haploinsufficient mice (48) , and IGF1 application corrects synaptic transmission deficits in iPSC-derived neurons from 22q13 deletion syndrome patients (49) , both of which can be attributed to enhanced PSD95 function.
Measuring response amplitude changes and the corresponding shifts in ocular dominance directly tests visual cortical plasticity, and here, for the first time to our knowledge, we describe the effects of a mutated Mecp2 gene on the course of critical period plasticity. Previous data (5) showed that visual cortical plasticity was present in adult Mecp2 mutant mice, but whether this was an expansion of the normal critical period or a complete shift in the time window for increased visual cortical plasticity was unknown. Our results support the former explanation, with normal opening of the critical period at P28 as seen by a decreased response from the deprived eye after 4 d of MD, and a persistent state of enhanced plasticity at P60 compared with WT controls, albeit due to enhanced open eye responses. This may represent a form of abnormal synaptic or circuit plasticity following MD (5, 50) . IGF1 treatment abolishes this plasticity and stabilizes the underlying circuits and synapsespossibly via effects on inhibitory systems in the cortex (51) or on homeostatic mechanisms (52) . The effect on functional circuits in the adult visual cortex reflects the emerging consensus that the consequences of MeCP2 loss are felt throughout life (53) (54) (55) .
Because serum IGF1 is able to cross the BBB, we attribute the increased activation of brain Akt and ERK to the augmentation of serum IGF1 levels. One correlate of the activation of these pathways is increased synaptogenesis and levels of synaptic PSD95 (27, 56) . These results are consistent with previous findings of reduced PSD95 transcription and protein expression as well as fewer excitatory synapses and spines in Mecp2 mutant mice (5, 11, 57, 58) . The specific mechanisms of IGF1 uptake and clearance in the circulatory system are not completely understood. In normal development, levels of IGF1 peak during puberty (3-4 wk in mice) and decrease in adulthood. Endogenous IGF1 levels are significantly reduced in young Mecp2 −/y and adult Mecp2 −/+ mice relative to WT mice (Figs. 1A and 5F ). This reduction likely plays a role in the development of RTT neuropathology; treatment beginning from 2 wk of age in Mecp2 −/y mice increases the total available IGF1 (endogenous plus rhIGF1) and contributes to the improvement of several phenotypes. In older Mecp2 −/+ animals, a short period of rhIGF1 treatment similarly increases total IGF1 availability and improves deficits in breathing patterns, spatial recognition, and anxiety, yet locomotor and social interaction deficits remain unaltered. It is possible that starting treatment earlier, and extending it for longer durations, may lead to greater efficacy in Mecp2 −/+ mice.
Materials and Methods
Detailed information on all items below is provided in SI Materials and Methods.
Mice. Mecp2 hemizygous KO mice and wild-type littermates were obtained by breeding heterozygous females (41) on a C57BL/6J background with male mice on the same background. Adult heterozygous female mice were obtained from Jackson Labs. All experimental protocols were approved by the Animal Care and Use Committee at Massachusetts Institute of Technology and conformed to National Institutes of Health guidelines.
Dosage. Animals were weighed and injected i.p. once every day with either vehicle (saline) or rhIGF1 (Peprotech) dissolved in vehicle. Treatment durations were as noted.
Autonomic Function. Respiratory and cardiac rates were measured in awake mice with a collar sensor pulse oximeter (MouseOx, Starr Life Sciences). Data were filtered and analyzed with Matlab. Breathing patterns were measured using whole-body plethysmography (EMKA Technologies).
Behavioral Assays. For social interaction, mice were tested in a custom-made three-chamber apparatus. Anxiety-related behavior was evaluated in a custommade plus maze. Ambulatory movement was measured with an automated cage monitor system. Spatial novelty recognition was measured using the open field procedure. Optical Imaging and Slice Physiology. Methods of animal preparation and data acquisition and analysis for optical imaging were as described previously (5) . Cortical sections for slice physiology were prepared as previously described with minor modifications (5).
Histology and Western Blotting. Animals were decapitated and their brain processed for Golgi-Cox stain. For Western blot, the cortex was processed to obtain whole-cell and synaptoneurosome lysates.
Serum Detection. Blood samples were obtained through submandibular puncture.
To quantify the levels of mouse and rhIGF1 (R&D Systems), an ELISA test was used.
